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Abstract
Human hand injuries account for a significant number of accidents of young adults (mostly sports injuries) and elderly people. The 
most vulnerable part of the hand is the wrist, a construct consisting of numerous bones and ligaments. The hand is a complex 
structure, the mechanical behavior is hard to describe, and also it is sometimes hard to correctly diagnose the injuries. The goal of 
the present research is to create a quickly and inexpensive measurement method to characterize the geometrical and mechanical 
properties of carpal bones.
The method presented is suitable to properly characterize the intact and damaged geometries of different carpal bones (capitate 
scaphoid, trapezium, pisiform). 3D models of intact and failed bones are determined by a 3D scanner, mechanical properties are 
determined with high-speed compression load (700 mm/min), which represents the fracture by falling down. 
According to the test results, the 3D scanning technique provided valuable geometrical data for cross-section calculation (scan before 
the test) and for analysis of the failure mode of the bones (scan after the test). The modulus of elasticity data for finite element 
simulation can be determined by the high-speed compression tests.
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1 Introduction
Characterizing the mechanical properties of bone and tis-
sues is fundamental for advances in numerous areas of 
biomedicine such as diagnostics, forensics, surgical simu-
lations, and injury prediction [1–5]. Various methods have 
been used to determine the properties of tissues such as 
tension testing, compression testing, perfusion, probing, 
aspiration, and imaging [1, 3, 6–8].
The human hand is often exposed to injury, it damp-
ens falls, raises hard things, but it can also be damaged 
during sports and play. One of the most important parts 
of the hand is the wrist, consisting of 8 bones: capitate 
(os Capitateeum), lunate (os lunatum), triquetrum (os tri-
quetrum), pisiform (os pisiforme), scaphoid (os scaphoid), 
trapezium (os trapeziodeum), pisiform (os capitatum) and 
hamate (os hamatum). The carpal bones are bounded by 
the radius and the ulna from the arm, the fingers and the 
metacarpale (Fig. 1) [9]. 
Fig. 1 Carpal bones and their locations in the hand. A: Capitate, B: 
Lunate, C: Triquetrum, D: Pisiform, E: Scaphoid, F: Trapezium, G: 
Pisiform, H: Hamate, 1: Radius, 2: Ulna; 3: carpal tunnel (based on [19])
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The radius and the capitate are the two wrist bones that 
most commonly get fractured. The cause of both capitate 
and the distal radius fracture is when an individual has 
fallen onto an outstretched hand in order to break their fall. 
The capitate is required for stability and coordination. This 
fracture is mostly seen in young and elderly adults [1, 2]. 
It often occurs when the hand is breaking during a fall. 
It is common for capitate fractures to go unrecognized 
or to be misdiagnosed as a wrist sprain. Such fractures 
account for roughly about 60 % of all carpal fractures. 
The radius may be damaged in two ways: the distal radius 
fracture is called the "colles fracture" [1, 3]. The other 
fracture of the radius is the reverse of colles fracture, that 
is, the Sminth's fracture [4, 5]. This fracture occurs when 
the back of the wrist is the first to break during the fall, 
forcing the hand under the wrist. If a distal radius fracture 
is left untreated, it can lead to soft tissue damage and a late 
development of the carpal tunnel syndrome (CTS), which 
is a painful condition resulting from the compression of 
the median nerve [1, 3, 6, 7].
The carpal tunnel is defined as the fibro-osseous tunnel 
on the palmar side of the wrist; the bony landmarks used 
to define carpal tunnel volume boundaries are variable. [8] 
Given that posture-related changes in tunnel volume and 
shape are partially contingent in individual bone motions, 
it is essential to consider the positions of all four bony 
attachments of the transverse carpal ligament. Proximal 
boundary definitions have included the radiocarpal joint, 
the distal tip of the radial styloid, the most proximal 
aspect of the pisiform, and the distal edge of the capitate. 
[1, 10, 11] Linking changes in carpal tunnel shape to the 
wrist bones would enable potential errors associated with 
volume rendering from MRI to be assessed [1, 3, 11, 12].
To be able to describe these failure phenomena, a com-
pression mechanical testing of carpal bones is made, where 
on the basis of the 3D images of the intact bones and arti-
ficially damaged bones their injuries are evaluated. In the 
case of middle finger bones, their size permits a twist test, 
but in this case it is not possible because of the geome-
try of the carpal bones, which hinders proper gripping 
[1, 13–16]. The tendons which connect the carpal bones 
have been tested several times, because they are also vul-
nerable. Researchers investigated the carpal bones sys-
tem as a whole, but they did not examine them separately 
[1, 3, 11–13]. Few literary sources were available; we could 
not compare the results. They show modeling rather than 
practical utility [15, 17–19]. 
In the present study, the behavior of several types of 
carpal bones were investigated in the case of static com-
pression tests with high speed loading. Before and after 
the compression test, a 3D scanner was used to create 3D 
images for the determination of the geometrical properties 
of the investigated bones. The load and the strain were 
measured during the mechanical test of different types of 
carpal bones. The Young's moduli were calculated at an 
early stage of the graph with deformations between 1 and 
2 % [20–22]. The goal of the present research is to create 
a quick and inexpensive measurement method to charac-
terize the geometrical and mechanical properties of car-
pal bones. In the four preliminary experiments, bones of 
different geometries were examined, forming part of the 
carpal bones system.
2 Materials and methods
The four types of carpal bones were investigated, includ-
ing capitate, scaphoid, trapezium and pisiform (Fig. 1). 
All 4 pieces of bones were removed from the same human 
cadaver within 24 hours post mortem. The bones were 
placed in a radio-cryoprotectant solution and cooled 
and stored them at 5°C until mechanical testing (max. 1 
week). Before the 3D images are acquired, the bones must 
be cleaned from the soft tissues with medical tweezers 
to fit the bone into a stable bone cement base, ensuring 
exact placement for both geometric and mechanical mea-
surements. After the consolidation of the medical bone 
cement, a GOM ATOS Core 5M 3D scanner (Gesellschaft 
für optische Messtechnik GmbH, Germany) was used to 
make 3D images of the intact bone (Fig. 2). The cross-sec-
tional area of the initial samples was measured using 3D 
software (Autodesk Inventor 2018) based on 3D images.
Fig. 2 GOM ATOS Core 5M 3D scanner [23]
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The compression test was performed at room tempera-
ture using a Zwick Z020 (Zwick GmbH, Ulm, Germany) 
computer-controlled t tester (Fig. 3). The static load was 
defined by 700 mm/min constant crosshead displacement 
for bones. The high speed represented the fracture by 
falling down.
The compressive test was continued until complete fail-
ure, which was defined at 2 mm displacement.
Values of failure load and strain at failure were deter-
mined by the computer-controlled material testing 
machine. The Young's moduli were calculated using the 
resulting graphs and number results. The Young's moduli 
were calculated at an early stage of the graph with defor-
mations between 1 and 2 % [20–22].
After the mechanical test, the 3D images of failed bones 
were produced with a GOM ATOS Core 5M 3D scanner. 
The cross-sectional area of the failure samples was not 
measured because the cross-sectional area did not change 
as bones were embedded in the bone cement. However, the 
failure mode and failure lines could be determined on the 
images. The removed bones were placed in a radio-cryo-
protectant solution, and cooled and stored at 5°C until the 
destruction. 
3 Results
In this preliminary study, four carpal bones (capitate, 
scaphoid, trapezium and pisiform) were investigated. 3D 
images about the intact bones are shown in Fig. 4(a) (cap-
itate), Fig. 6(a) (scaphoid), Fig. 8(a) (trapezium), and Fig. 
10(a) (pisiform). The measured cross-sectional areas are 
summarized in Table 1. 
The standard force – strain diagrams for the compres-
sive test are shown in Fig. 5 (capitate), Fig. 7 (scaphoid), 
Fig. 9 (trapezium), and Fig. 11 (pisiform). The measured 
(failure load, strain at failure) and the calculated (Young’s 
modulus of elasticity) results are summarized in Table 2.
The 3D images of the damaged bones are shown in Fig. 
4(b) (Capitate), Fig. 6(b) (Scaphoid), Fig. 8(b) (Trapezium), 
and Fig. 10(b) (Pisiform).
The results showed that the trapezium bone (failure 
load: 6507.96 N, failure stress: 16.96 N/mm2) was the 
strongest bone among the bones measured. It was about 
12 times stronger than the weakest capitate bone (failure 
Fig. 3 ZWICK Z020 tensile tester before the test
(a)
(b)
Fig. 4 3D images of the capitate bone a) (left) before the compressive 
test (intact) b) (right) after the compressive test (failed)
Fig. 5 Force and strain curve of capitate bone
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load: 548.15 N, failure stress: 1.34 N/mm2). The Young's 
moduli of elasticity showed a similar tendency. The biggest 
deformity was measured at the pisiform bone (10.97 %). 
The smallest deformity was measured at the scaphoid bone 
(2.80 %).
4 Conclusions
The goal of the present research is to create a quickly and 
inexpensive measurement method to characterize the geo-
metrical and mechanical properties of carpal bones. The 
resulting 3D images allow to insert bones into a finite 
element program for later modeling as input geometrical 
data and mechanical properties. The novelty of the pres-
ent research is that the mechanical test has been combined 
with 3D imaging. 
In the examined carpal bones, a large deviation of 
mechanical and geometrical parameters was observed 
(Fig. 12). The cause of large deviation is that different 
carpal bones are investigated. In this preliminary study, 
we have defined the measurement layout, the prepara-
tion of the measurement, and the measured and calculated 
mechanical parameters required for the investigation of 
different carpal bones. 
In order to compare the biomechanical behavior of the 
different bones, the apparent Young's modulus values were 
evaluated. In case of Young's moduli an almost 25-fold 
difference was observed between the strongest and the 
weakest bones (Table 1). The tendency of failure load and 
failure stress is similar (Table 1). This phenomenon can be 
explained by its location in the hand and its size. The shape 
(a)
(b)
Fig. 6 3D images of the scaphoid bone a) (left) before the compressive 
test (intact) b) (right) after the compressive test (failed)
Fig. 7 Force and strain curve of scaphoid bone
(a)
(b)
Fig. 8 3D images of the trapezium bone a) (left) before the compressive 
test (intact) b) (right) after the compressive test (failed)
Fig. 9 Force and strain curve of trapezium bone
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of the curves is also worth investigating (Fig. 12). In the 
case of the capitate bone, the inclination of the curve is 
lower than in the other cases (Fig. 12), After the maximum 
load there is no initial and leap failure. (Fig 12), which can 
be explained by the geometry of the bone. The graph of 
the capitate bone showed a "saw-tooth character" before 
the failure. This means that more and more "bone sticks of 
spongiosa" are failed before the maximum load (Fig. 12). 
It can be explained by the high volume percent of spongiosa 
in the capitate bone, which can be seen in Fig 4(b).
The limit of the present study is that only one sample 
of each capital bone was investigated. In further research, 
the number of samples from each carpal bone should be 
increased. However, the preliminary study and its results 
have confirmed that the complex method is suitable for the 
determination of the geometrical and mechanical proper-
ties of small bones, such us carpal bones. The results of 
the new complex method can be used be for the model-
ling and simulation of the failure of carpal bones. It can be 
used for the 3D printing of different carpal bones. 
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Table 1 Cross-sectional area values of samples
Capitate Scaphoid Trapezium Pisiform
Cross-sectional 
area [mm2] 408.42 455.53 383.64 265.49
Table 2 Measured and calculated parameters of compressive test
Capitate Scaphoid Trapezium Pisiform
Failure load [N] 548.15 1204.29 6507.96 2754.03
Failure stress  
[N/mm2] 1.34 2.64 16.96 10.37
Strain at failure 
[mm/mm]
5.61 2.80 8.36 10.97
Young's modulus 
of elasticity 3.61 21.82 92.09 67.17
(a)
(b)
Fig. 10 3D images of the pisiform bone a) (left) before the compressive 
test (intact) b) (right) after the compressive test (failed)
Fig. 11 Force and strain curve of pisiform bone
Fig. 12 The force and strain curves of all bones investigated in the 
present preliminary research
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